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Summary
Small heat shock proteins are a superfamily of molec-
ular chaperones that suppress protein aggregation
and provide protection from cell stress. A key issue
for understanding their action is to define the inter-
actions of subunit domains in these oligomeric as-
semblies. Cryo-electron microscopy of yeast Hsp26
reveals two distinct forms, each comprising 24 sub-
units arranged in a porous shell with tetrahedral
symmetry. The subunits form elongated, asymmetric
dimers that assemble via trimeric contacts. Modifica-
tions of both termini cause rearrangements that yield
a further four assemblies. Each subunit contains an
N-terminal region, a globular middle domain, the
a-crystallin domain, and a C-terminal tail. Twelve of
the C termini form 3-fold assembly contacts which
are inserted into the interior of the shell, while the
other 12 C termini form contacts on the surface. Hinge
points between the domains allow a variety of assem-
bly contacts, providing the flexibility required for for-
mation of supercomplexes with nonnative proteins.
Introduction
The small heat shock proteins (sHsps) are thought to
play a buffering role in preventing aggregation of nonna-
tive proteins by binding them in stable complexes (Hasl-
beck, 2002; Narberhaus, 2002; van Montfort et al., 2002;
Horwitz, 2003; Kappe et al., 2003; Haslbeck et al.,
2005a). In the vertebrate eye lens, the small Hsp a-crys-
tallin seems to be crucial for preventing aggregation that
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69120, Heidelberg, Germany.would lead to cataract formation (Brady et al., 1997). In
more dynamic tissues, the bound substrate proteins
can eventually be released for refolding in cooperation
with other chaperones such as the Hsp70 or Hsp100
systems (Veinger et al., 1998, Mogk et al., 2003, Cashikar
et al., 2005, Haslbeck et al., 2005b, Lee et al., 2005). The
mechanisms of substrate recognition and binding by
small Hsps are still poorly understood.
sHsps share a conserved a-crystallin domain and
a moderately conserved C terminus and have variable
N-terminal regions, shown schematically in Figure 1.
Crystal structures have been determined for archaeal
(M. jannaschii Hsp16.5; Kim et al., 1998), plant (wheat
Hsp16.9; van Montfort et al., 2001), and animal (tape-
worm Tsp36; Stamler et al., 2005) sHsps. They show
a b sandwich fold for the a-crystallin domain. The ar-
cheal and plant a-crystallin domains are arranged as
brick-shaped dimers linked by b strand exchange. In
the archaeal structure, 12 of these dimers are arranged
in a shell with octahedral symmetry (Kim et al., 1998).
The small N-terminal domain of M. jannaschii Hsp16.5
is disordered and not seen in the crystal structure, but
electron microscopy (EM) and spectroscopic data
show that it is located inside the shell (Koteiche et al.,
2005). The shell is held together by hydrophobic con-
tacts between extended C-terminal tails and the adja-
cent a-crystallin domain dimers, and possibly by addi-
tional N-terminal contacts. In the wheat small Hsp, six
a-crystallin domain dimers are arranged in two stacked
rings of three dimers each (van Montfort et al., 2001).
Half of the subunits have ordered N-terminal domains,
with a-helical structure. These are essential, together
with the C-terminal tail, for assembly of the dodecamer
with D3 symmetry. In Acr1 (Hsp16.3) from M. tuberculo-
sis (Kennaway et al., 2005), the 12 subunits are arranged
in a hollow tetrahedral structure with disordered N do-
mains that are probably located on the inner surface of
the shell. In the plant, archaeal, and most likely myco-
bacterial (Acr1) sHsps, a conserved IXI motif on the
C-terminal tail interacts with a hydrophobic region on
an adjacent a-crystallin domain. EM studies of other
sHsps show that their oligomeric structures are usually
assembled as spherical shells or stacked rings of oligo-
mers and that these are often polydisperse and poorly
ordered (Lee et al., 1997; Haley et al., 1998, 2000; Bova
et al., 2000; Stromer et al., 2003).
Hsp26, one of the two sHsps from yeast, forms well-
defined 24-mers which are reversibly activated to bind
nonnative substrate proteins at elevated temperatures
(Haslbeck et al., 1999). A temperature-induced confor-
mational change is necessary for substrate binding
(Franzmann et al., 2005). The other small heat shock pro-
tein in the yeast cytosol, Hsp42, acts as a chaperone at
normal and heat shock temperatures (Haslbeck et al.,
2004a). Both are able to suppress aggregation of a vari-
ety of substrate proteins from different biochemical
pathways in vivo and in vitro, suggesting that they
have nonspecific binding properties. Deletion of Hsp26
or Hsp42 causes an abnormal cell shape phenotype in
yeast (Haslbeck et al., 2004a).
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1198Figure 1. Domain Layout of Small Hsps
Sequence diagram of yeast Hsp26, archaeal
Hsp16.5, plant Hsp16.9, M. tuberculosis
Acr1, and aA and aB crystallins. The a-crys-
tallin domain is highly conserved, but the N-
terminal regions are variable. The location of
the IXI or IXV sequence in the C terminus is
indicated by the green bars.Apart from Tsp36, little is known about the structure
and function of N-terminal domains of small Hsps, which
are very variable in size and sequence, as reflected in the
subunit size variation of 16–40 kDa. Recent results sug-
gest that the N-terminal region is involved in substrate
binding (Giese et al., 2005). Hsp26 has a particularly
large N-terminal region (residues 1–95), which appears
to be subdivided into at least two domains by a short
glycine-rich region at residues 25–31. A deletion variant
lacking the first 30 residues, Hsp26DN1-30 (DN30),
forms destabilized oligomers and exhibits limited chap-
erone activity. Its complexes with nonnative protein are
less stable than those of full-length Hsp26 (Haslbeck
et al., 2004b). However, deletion of residues 1–95 pro-
duces dimers devoid of chaperone activity, indicating
that residues 31–95 form a domain that is essential for
oligomerization and chaperone activity (Stromer et al.,
2004).
Here we present the cryo-EM structure of Hsp26. Our
analysis resolves four distinct domains linked by flexible
hinge regions in the Hsp26 monomer: N terminus, mid-
dle domain, a-crystallin domain, and C-terminal tail.
Elongated dimeric units assemble into compact and ex-
panded forms of a porous shell structure with assembly
contacts made by the termini. Six different three-dimen-
sional (3D) structures of Hsp26 oligomers of wild-type
(wt) and N- and C-terminally modified forms reveal a re-
markable degree of flexibility in the oligomeric assembly.
Results
Flexible Assembly of Hsp26
Raw cryo-EM images of wt Hsp26 showed round, oligo-
meric particles of apparently uniform size (Figure 2A),
but subsequent image processing revealed the pres-
ence of two distinct populations. The structures are
termed ‘‘compact’’ and ‘‘expanded’’; they turned out to
be only 5% different in external diameter but differed
in their internal organization. Examples of averaged
views of compact and expanded structures are shown
in Figures 2B and 2C, including examples of their char-
acteristic 2- and 3-fold symmetries. Both structures
were found to have tetrahedral symmetry, as explained
in the Experimental Procedures. Once we had two 3D
models, the separation was refined by projection match-
ing to both models. Classification of all images ac-
cording to size variations led to a further improved
separation into compact and expanded classes and
ultimately to a successful refinement of both structures
(Figures 2D and 2E). The resolution of the maps isw11.0
A˚ at 0.5 Fourier shell correlation (Figure S1; see the Sup-
plemental Data available with this article online). A larger
set of class averages, with their corresponding reprojec-
tions, are shown in Figure S2. Because the structuresare so similar (diametersw190 and 200 A˚), the resolution
is probably limited by our ability to sort the individual
raw images into the correct structure and/or by the pres-
ence of intermediate structures.
The Hsp26 oligomers are formed of 12 elongated rods
of density assembled into round, shell-like structures
with holes of up to 40 A˚ (Figures 2D and 2E). The main
structural element of the shell is an elongated, roughly
dumbbell-shaped rod of density. The compact and ex-
panded forms have a similar layout of their shells, but
they differ significantly in their internal density arrange-
ment. In the compact assembly, there is a single, central
mass of density inside the shell (Figure 2F). In the
expanded assembly, there are four densities inserted
inside the shell, separated by a gap at the center (Fig-
ure 2G). Each of these inserted densities is a trimeric
unit at a 3-fold position below an open region in the shell,
connected by thin stalks to three equivalent shell re-
gions. Only four of the eight 3-fold positions show this
inserted density. The opposite four 3-folds are closed
by additional density at the surface.
Tetrahedral Structures of the DN30 Variants
In order to determine the location of the N-terminal exten-
sion (residues 1–30) in the assembly, we performed a
cryo-EM single particle analysis of the DN30 variant. The
data set again revealed compact and expanded forms.
Example class averages of the DN30 maps with their
corresponding reprojections are shown in Figures 3A
and 3B. The compact structure has a similar size and
surface arrangement to those of the compact wt form,
but the inserted densities are separated as in the ex-
panded wt structure (Figure 3C), possibly due to small
changes in the angles of the surface domains. Unex-
pectedly, the expanded DN30 form showed completely
different surface packing (Figure 3D). Since both struc-
tures have inserted domains, these domains cannot be
formed by the N-terminal 30 residues of Hsp26. The res-
olution of the DN30 maps isw14.2 A˚ at 0.5 Fourier shell
correlation for the compact map and 14.5 A˚ for the
expanded map.
We also examined the C-terminally His-tagged DN30
variant (DN30his), which gave the possibility of using
the His-tag as a label for the C terminus. A set of class
averages with their corresponding reprojections of the
DN30his maps is shown in Figures 3E and 3F. Again,
a compact form similar to the DN30 compact form was
observed (Figure 3G) along with a different expanded
assembly (Figure 3H). The inserted domains are present,
but they are in different positions in the expanded form
of the DN30his variant (Figure 3H). The expanded struc-
tures for both DN30 and DN30his variants have adopted
new conformations. In the DN30his expanded variant
(Figure 3H), some of the surface domains are located
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maps is w12.6 A˚ at 0.5 Fourier shell correlation for the
compact map and 14.5 A˚ for the expanded map.
Multiple Assemblies of the a-Crystallin Framework
For atomic structure docking, a homology model of the
a-crystallin domain for yeast Hsp26 was built from the
related archaeal and plant structures (36% identity to
wheat Hsp16.9 and 23% identity to the archaeal
Hsp16.5). No homologous structures were found for
the N-terminal region by the sequence comparison
Figure 2. Structure Determination
(A) Cryo-EM image of wt Hsp26 complexes. In the raw images, it is
impossible to discern which particles belong to the compact and
expanded classes. Protein density is displayed as white. Scale
bar, 500 A˚.
(B and C) Examples of averaged views of the compact and ex-
panded assemblies, after alignment and classification. Views along
the symmetry directions are indicated. Resolution curves and
a larger set of class averages, along with the corresponding repro-
jections of the 3D structures, are provided as Supplemental Data
(Figures S1 and S2).
(D and E) Surface rendered views of the compact (green) and
expanded (blue) maps of wt Hsp26. One surface assembly unit is
outlined on (E).
(F and G) Sliced open views of the compact and expanded maps,
showing the inserted densities. One of the four densities is circled
in (G), and examples of an open and a closed 3-fold position are
shown by open and closed triangles. There is additional density at
the surface of the closed 3-folds. The 3D maps were rendered in
Iris Explorer (NAG).programs BLASTP (Altschul et al., 1997) and FASTA
(Pearson, 1990). The a-crystallin domain dimer of wheat
Hsp16.9 (Protein Data Bank code 1GME) was used to
examine manually how it could fit into the wt maps. The
elongated shape of the Hsp26 dimer and the tetrahedral
symmetry of the assemblies restrict its possible location
in each map to the extended region of density. Auto-
mated docking with URO (Navaza et al., 2000) gave a
similar fit for both compact and expanded maps, leaving
a region of unfilled density at either end of thea-crystallin
domain dimer (Figures 4A–4D). The unfilled volumes are
sufficient to accommodate structures containing most of
the N-terminal residues in each of the two subunits. The
use of threading programs suggested that an SH3-like
fold could be formed by residues 30–82. This density is
adjacent to the a-crystallin domain, so that the building
block of the shell is a brick-shaped a-crystallin domain
dimer, flanked by globular middle domains. Although
the fold of the middle domain is unknown, the positions
of these domains were approximated by using SH3
domains as models for fitting with URO. However, the
positions of the a-crystallin domain dimers were not
affected by the use of the SH3 model, which only serves
as a place marker for the unknown middle domain.
The same approach was used for fitting the a-crystal-
lin domain dimer and model SH3 domains into each of
the variant maps. In the compact structures there was
only one region where the a-crystallin dimer could be
manually fitted (Figures 4E, 4F, 4I, and 4J). These were
refined with URO. For both expanded variant maps,
the a-crystallin dimer could be manually fitted in more
than one location. Some positions were excluded on
the basis of symmetry clashes when a complete 24-
mer was generated. The remaining solutions were re-
fined in URO and excluded if they showed symmetry
clashes, poor match to the density for the a-crystallin
domain dimer, or failure to converge in refinement (Fig-
ures S3 and S4). This led to one solution for each
expanded variant (Figures 4G, 4H, 4K, and 4L).
The hand shown for the maps was chosen because it
gave more consistent results for domain fitting with URO
to the compact and expanded wt structures. With the
other choice of hand, there were more differences
between the fits to the two wt structures. In any case,
the conclusions about domain structure and assembly
contacts are not affected by the choice of hand in the
maps.
Domain Rearrangements
In order to analyze the domain rearrangements in the dif-
ferent forms, we superposed low-resolution models of
the subunit domains in the different assemblies (Fig-
ure 5). The fitted a-crystallin domain dimers are shown
as smooth rods, and the middle domains (fitted SH3
positions) are represented as spheres. In the compact
forms of Hsp26, the a-crystallin domain dimers of the
wt (mid-green), DN30 (cyan), and DN30his (dark green)
occupy very similar positions (Figure 5A). However, re-
moval of the N terminus and addition of the His-tag re-
sult in dramatic rearrangements of subunit packing in
the expanded variant forms (Figure 5B; wt, blue; DN30,
light blue; DN30his, purple). Comparison of middle do-
main positions shows that the truncation causes the
middle domains to move in toward the closed 3-fold
Structure
1200Figure 3. 3D Structures of Hsp26 DN30 Variant Complexes
(A) DN30 compact class averages (top) and reprojections (bottom).
(B) DN30 expanded class averages (top) and reprojections (bottom).
(C) 2-fold view and slice of DN30 compact (cyan).
(D) Equivalent views of DN30 expanded (blue) maps.
(E) DN30his compact class averages (top) and reprojections (bottom).
(F) DN30his expanded class averages (top) and reprojections (bottom).
(G) 2-fold view and slice of DN30his compact (dark green).
(H) DN30his expanded (purple) maps.
This figure and all subsequent ones were produced with PyMOL (www.pymol.org).and addition of the C-terminal His tag causes a further
rotation of the middle domains (curved arrows, Figure 5).
We attempted to use gold labeling of cysteine mu-
tants of Hsp26 to localize the termini in the oligomers.
However, modification of either terminus by site-
directed gold labeling of the mutants S4C and S210C
resulted in even greater conformational variations.
Nanogold labeling of the S4C mutant (Franzmann et al.,
2005) produced oligomeric structures, but MSA analysis
indicated that they had a different conformation to the
wt or the DN30 variants (Figure S5A). Gold labeling at
the C terminus (S210C) produced particles ranging in di-
ameter from 90 to 200 A˚ (Figure S5B). It was therefore
not possible to use these gold labels to determine
the position of the N- and C termini by difference
mapping of the six structures described here.
Difference Mapping of the N- and
C-Terminal Regions
The terminal regions of Hsp26 subunits can be localized
by comparison of the series of compact structures,
since they are similar enough in structure to give inter-pretable difference maps. The main effect of deleting
residues 1–30, shown in difference maps of the full-
length andDN30 compact structures, is a loss of density
adjacent to the middle domains, indicating that the N-
terminal extensions are located at the ends of the dimers
around the 3-fold positions (Figure S6A). As mentioned
above, the presence of the four inserted densities in
the compact DN30 assembly shows that they are not
formed by the N-terminal region. They adopt the same
arrangement as in the wt expanded form and must be
formed by a terminus of the protein chain, since they
are connected to the shell by a thin extension that would
only accommodate a single, connecting stretch of poly-
peptide chain. The difference between DN30his and
DN30 variant maps shows the effect on the density of
adding the C-terminal His tag (Figure S6B). In the His-
tagged form, there has been some rearrangement of
density at the closed 3-fold, indicating the likely involve-
ment of 12 His-tagged C-terminal tails in this region,
possibly in close proximity to the N termini. The larger
inserted densities in the compact His-tagged structure
are consistent with the notion that they are formed by
Structures of Yeast Small Heat Shock Protein Hsp26
1201Figure 4. 2-Fold and 3-Fold Views of Hsp26
Oligomers with Fitted a-Crystallin Domain
Dimers
(A and B) Views of wt Hsp26 compact struc-
ture (green).
(C and D) Expanded wt structure (blue).
(E and F) Compact DN30 structure (cyan).
(G and H) Expanded DN30 structure (pale
blue).
(I and J) Compact DN30his structure (dark
green).
(K and L) Expanded DN30his structure
(purple).
Tetrahedra are shown in 2-fold and 3-fold
views.the other 12 C termini. The volumes of the inserted den-
sities are compatible with trimers of C-terminal tails (33
24 residues) allowing for an extended region connecting
the inserted domains to the a-crystallin domains in the
shell.Domain Assignments and Assembly Contacts
The overall organization revealed by the cryo-EM and
domain fitting suggests that the a-crystallin domain di-
mers are assembled into 24-mers by 3-fold contacts
involving both termini as well as the globular middleFigure 5. Overlays of Model Domain Densi-
ties in the Compact and Expanded Structures
Three-fold views of the fitted a-crystallin
domain densities shown as smooth rods
and the globular domains represented as
spheres, overlaid for the compact (A) and ex-
panded (B) Hsp26 structures. A set of a-crys-
tallin domain dimers and middle domains are
superposed in different colors around one 3-
fold axis, with the remaining wt a-crystallin
domain dimers shown in gray. (A) Wt (mid-
green), DN30 (cyan), and DN30his (dark
green) compact structures. The overlay
shows that the a-crystallin domains have
very similar positions in all three compact
structures. Truncation of the N terminus
causes the globular domains to move in to-
ward the 3-fold axis, and addition of the His
tag causes a further twist of their positions
(curved arrow). (B) Wt (blue) structure, DN30 (pale blue), and DN30his (purple) expanded structures. This overlay shows a dramatic rearrange-
ment of a-crystallin domains caused by deletion of the N terminus (blue to light blue) and a smaller shift and rotation after tagging the C terminus
(light blue to purple). The globular domains move in toward the 3-fold axis and rotate in a similar pattern as for the compact structures
(curved arrow).
Structure
1202Figure 6. Location of the Domains in Hsp26
(A) Location of the N-terminal region (‘‘N’’),
the middle globular domain (‘‘M’’), the a-crys-
tallin domain (‘‘a’’), and the surface C-terminal
tails (‘‘C’’).
(B) Location of the inserted C-terminal tri-
mers. The map in (A) has been smoothed for
clarity.domain. The domain layout is shown for two dimers of
the wt expanded form in Figure 6. For the 12 C termini
that remain in the outer shell, the length is sufficient for
them to form a contact with the globular domain of the
adjacent dimer related by the 2-fold symmetry (red
curved line, Figure 6A). However, they are not long
enough to reach the hydrophobic patch on the adjacent
a-crystallin domain, which is w60 A˚ distant. The other
12 C termini form the novel, trimeric insertions, one of
which is circled in Figure 6B, in which the open and
closed 3-fold positions are also indicated.
Discussion
In terms of methodology, this work addresses a common
and important problem—the separation of mixed com-
plexes. Many interesting biological samples contain
mixtures of similar structures in different, functionally
important states. In this case, the two wt forms of
Hsp26 have the same subunit number and symmetry;
they differ mainly in the packing of internal domains.
They are almost identical in external diameters and fea-
tures, and their separation required the development of
new strategies for image processing (White et al., 2004).
The variant forms also have the same symmetry, but
they vary in their arrangement of subunits.
Assembly Contacts
Wt yeast Hsp26 assembles into 24-mers with tetrahedral
symmetry. Each subunit has four domains: the N-termi-
nal extension, a globular middle domain, the a-crystallin
domain, and the C-terminal tail. The C terminus forms
surface contacts at the closed 3-fold positions and in-
serted densities at the open 3-folds (Figure 6). A dimer
of the a-crystallin and globular middle domains together
forms a dumbell-shaped unit constituting the bulk of the
shell with the termini assembling the dimers into tetrahe-
dral shells by trimeric contacts. One set of C termini
penetrates inside the shell to form the inserted densities.
The N-terminal domains are located around the 3-fold
positions, and the observation that they can be cross-
linked in the S4C mutant (Franzmann et al., 2005)
supports the idea that they form 3-fold contacts. Their
deletion destabilizes but does not abolish assembly
(Haslbeck et al., 2004b). Modifications of the termini,
as shown by the truncation, His-tagging, and gold label-
ing experiments, produce a variety of altered assem-
blies. However, deletion of both N-terminal and middleglobular domains (D1–95) results in dimers but not
higher oligomers (Haslbeck et al., 2004b), showing that
the globular middle domain of Hsp26 is essential for
oligomeric assembly (Stromer et al., 2004).
In yeast Hsp26, the a-crystallin domain dimers are
quite spaced out, with 40–50 A˚ gaps, unlike the case in
the archaeal 24-mer and plant dodecamer in which the
a-crystallin domain dimers are in direct contact through
their C-terminal tails (Kim et al., 1998; van Montfort et al.,
2001). The C-terminal tail forms a bridge between adja-
cent a-crystallin domain dimers in the archaeal and plant
Hsp crystal structures (Kim et al., 1998; van Montfort
et al., 2001). In the worm sHsp, the C-terminal tail is ab-
sent, and the hydrophobic region on the a-crystallin do-
main interacts with an IXI sequence in the N terminus
(Stamler et al., 2005). In Hsp26, the C-terminal tail is
partly conserved, with an IXV sequence. Because the
a-crystallin domain dimers are so far apart in the large
Hsp26 oligomers, this C-terminal tail cannot contact
an adjacent a-crystallin domain in Hsp26. Our results
suggest that it instead forms novel contacts in the
inserted trimerization domains and with the middle
domain (Figure 6).
Potential Chaperone Binding Sites
The effects of N-terminal and middle domain deletions
on assembly are mirrored in their effects on chaperone
activity.DN30 shows some loss of stability of complexes
with denatured proteins, but the deletion D1–95 abol-
ishes chaperone activity, again showing that the middle
domain is essential for this activity (Stromer et al., 2004).
A temperature-induced conformational change is re-
quired for chaperone activity of Hsp26 (Haslbeck et al.,
2004b; Franzmann et al., 2005). The N-terminally cross-
linked variant is active in the oligomeric state (Franz-
mann et al., 2005), suggesting that there is a tempera-
ture-induced conformational change that exposes
substrate binding sites. The N-terminal domain may
provide unstructured regions with hydrophobic binding
sites to form the large complexes observed with dena-
tured substrates (Haslbeck et al., 1999; Stromer et al.,
2003). The N-terminal region contains three occurrences
of pairs of hydrophobic residues: phenylalanines at po-
sitions 6, 7, 9 and 10 and leucines at 23 and 24. It is clear
in this case that the oligomeric assembly does not act as
a protein binding cage, like for example the GroEL-
GroES chaperonin system, since the internal cavity is
occluded by the inserted domains. Binding of substrate
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since the substrate complexes form much larger, het-
erogeneous assemblies which appear different in struc-
ture (Haslbeck et al., 1999).
In conclusion, the flexible, four-domain arrangement
in an open shell assembly and exposure of potential
binding sites by heating is likely to underlie the ability
of Hsp26 to form extremely adaptable, large complexes
with a wide variety of denatured substrate proteins
(Stromer et al., 2003). The compact and expanded forms
of the oligomer differ slightly in the hinge angles be-
tween subunit domains. In the compact form, the more
central position of the inserted density means that the
connecting region must be more extended, and the vol-
ume of the inserted domain is correspondingly less. The
remarkable diversity in subunit assembly may provide
a model for the polydispersity of other sHsp family
members, including a-crystallin itself, but in this case
there is a set of distinct, symmetrical assemblies.
Experimental Procedures
Sample Preparation
The yeast overexpressing strain was a kind gift from Dr S Lindquist,
Whitehead Institute. Hsp26 and the DN30 variant were expressed
and purified as described by Haslbeck et al. (1999). TheDN30 variant
with a C-terminal His-tag (GSRGHHHHHH) was prepared by the pro-
tocol of Haslbeck et al. (2004b).
Electron Microscopy
The Hsp26 preparation, at 1 mg/ml in 40 mM HEPES, 50 mM NaCl, 2
mM EDTA, 1 mM DTT (pH 7.4) was vitrified on holey carbon grids,
and low-dose images were collected on an FEI 200 kV FEG micro-
scope at 38,0003magnification and digitized on a Zeiss SCAI scan-
ner at a sampling of 1.86 A˚/pixel at the specimen level (Figure 2A).
The defocus ranged from 2 to 4 mm. The microscope magnification
was calibrated by comparisons of EM maps with known atomic
structures. Cryo-electron micrographs for the DN30 variant (0.7–1
mg/ml in 20 mM HEPES/KOH, 50 mM KCl, 5 mM EDTA, 1 mM DTT
[pH 7.5]) and the DN30his variant (1.3 mg/ml in 40 mM HEPES/
KOH, 50 mM NaCl [pH 7.4]) were collected on a FEI 200 kV FEG mi-
croscope at 50,0003 magnification and digitized on a Zeiss SCAI
scanner at a sampling of 1.4 A˚/pixel at the specimen level. The defo-
cus ranged from 1.7 to 3.4 mm.
Image Processing
A data set ofw15,000 images of Hsp26 was obtained from a total of
21 negatives. The defocuses were determined with the MRC pro-
gram CTFFIND2 and checked by comparison with theoretical curves
in Imagic (van Heel et al., 1996). The images were corrected for the
effects of the contrast transfer function by phase flipping. A high
pass filter with a cut-off frequency related to the defocus of each
negative was applied to make the weight of low frequencies the
same in all images, after which the particle images were treated as
a single data set. The assignment of individual images as expanded
or compact was started by the recognition of a few classes, includ-
ing 2-fold and 3-fold views, belonging to an expanded, tetrahedrally
symmetric form. The observation of 2- and 3-fold views, combined
with the knowledge that the structure is formed of 24 subunits in
12 dimers, is compatible with cubic, tetrahedral, and D3 point group
symmetries. The only symmetry that ultimately gave consistent re-
sults, compatible with all views, was tetrahedral. Because the views
of the expanded structure and its symmetry were most recogniz-
able, it was reconstructed first. Image classes that appeared smaller
and inconsistent with the expanded structure were initially assigned
to the compact structure and were subjected to a separate struc-
tural analysis. Eventually, the images were sorted into expanded
and compact structures by a combination of multivariate statistical
analysis (MSA) and projection matching, using Imagic (van Heel
et al., 1996). The 3D structures were separately determined for
each group by angular reconstitution. The two 3D maps were thenused to refine the separation of the data set into the two forms by
projection matching. The final data set for the compact structure
had 5,000 images in 770 classes, and that for the expanded data
set had 10,000 images grouped into 1300 classes. A general strategy
for separation and refinement of structures of mixed size has been
formulated (White et al., 2004). Reconstruction was done using the
exact filter back projection algorithm in Imagic. Docking of atomic
coordinates into the maps was done by density correlation, either
in real space (DockEM; Roseman, 2000) or reciprocal space (URO;
Navaza et al., 2000). A band pass filter from 25 A˚ to 6 A˚ was applied
to both expanded and compact maps, enhancing components in
that spatial frequency range by a factor of 7.5.
A data set of w6000 images was obtained for the DN30 variant
from 68 negatives, and one of w6300 images was obtained from
48 negatives for the DN30his variant. These data sets were pro-
cessed according to the same protocol as the wt, and compact
and expanded forms were found in both. For the DN30 variant,
4300 images in the data set of the compact form were grouped
into 625 classes while the 1600 images in the data set of the ex-
panded form of the DN30 variant were grouped into 230 classes.
For the DN30his variant, a data set of 4000 images of the compact
form was grouped into 580 classes, and a data set of 2100 images
for the expanded form was grouped into 300 classes.
Filters were designed to scale the maps to similar rotational power
spectra. Maps were binarized at a density level corresponding to the
molecular volume before difference maps were calculated between
the three different compact structures.
Bioinformatics
The N-terminal half of the Hsp26 sequence was searched with psi-
blast (Altschul et al., 1997) but did not reveal any homologies to
known structures. Once a potential domain boundary was identified
within the N-terminal region (at residues 25–28), five different thread-
ing programs (123D+, Alexandrov et al., 1995; Predict Protein, Rost
et al., 2004; Phyre, Kelley et al., 2000; Bioinbgu, Fischer, 2000; and
Fugue, Shi et al., 2001) were used to search the putative middle do-
main sequence (residues 29–82).
Supplemental Data
Supplemental data, including six figures, are available with this arti-
cle online at http://www.structure.org/cgi/content/full/14/7/1197/
DC1/.
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